We experimentally investigate the valley-Hall effect for interfacial edge states, highlighting the importance of the modal patterns, between geometrically distinct regions within a structured elastic plate. These experiments, for vibration, are at a scale where detailed measurements are taken throughout the system and not just at the input/output ports; this exposes the coupling between geometrically distinct modes that underlie the differences between wave transport around gentle and sharp bends.
A dominant theme in wave physics is the profound importance of material, or geometrical, structurations on the global behaviour of waves through a medium. Periodic media have been particularly influential, with Bragg scattering having created the fields of photonic crystals in optics [1, 2] , and their acoustic counterparts in phononic systems [3] . Demands for systems enabling the control, of low-frequency vibration in sub-wavelength devices motivated additional resonant elements leading to the field of metamaterials [4, 5] . A further natural progression has drawn upon recent advances in topological insulators [6] and recently topological concepts have emerged as a new degree of freedom to control the flux of energy across diverse fields, which originated in condensed matter physics and then expanded to Newtonian wave systems [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Applying these ideas, from topological insulators, to elastic vibration are naturally attractive, although such systems lack the many degrees of freedom available to quantum systems from where these ideas originate. Active topological systems require the absence of timereversal symmetry (TRS) and in elastic systems this is achieved via introducing gyroscopes [22, 23] or for mechanical systems using pendula [24] . Breaking TRS is harder for bosonic systems, such as those emerging in elastic waves without complex experimental set-ups and, in practical terms one is naturally drawn to considering passive valley-Hall systems that simply break spatial symmetries to induce quasi-topological modes. The gapping of Dirac cones leaves behind two pronounced valleys, upon which a nontrivial Berry phase is defined, that contribute to the quasi-topological modes; this has led to a research area broadly referred to as valleytronics [25] .
We investigate elastic plate models [26, 27] that are highly effective at providing reliable predictions of many wave phenomena for structured plates [28] , platonic models utilising Dirac cones in the style of graphene [29] and valley-Hall states [30, 31] ; the experiments of [28] show remarkable agreement between theory and experiment even outside the conventional assumptions of validity of the model. The plate model also acts in practical terms as motivation for seismic metamaterials [32, 33] . The model is also popular at the nano-scale, with [10] recently considering high frequency ultrasonic applications, at MHz frequencies, and 100 micron thick, elastic plates.
To take full advantage of valley-Hall states, as new potential carriers of information, it is imperative to understand the coupling between the geometrically distinct modes. In this Letter we highlight the importance of these edge-state modes for valley-Hall systems and provide macroscopic experimental results showing distinctive modal patterns that have, thus far, been absent in the majority of earlier studies [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and demonstrate their role in interpreting relative interface orientations. The wealth of experimental demonstrations using these valley-Hall states has primarily focussed on electromagnetism [9, 12, 13, 16, [18] [19] [20] [21] and acoustics [7, 8, 14] at scales where mode details, particularly their mode shapes, have been indistinct; the subtleties of different modes on different interfaces [31] , or even that there are different modes, has often been overlooked. And yet an appreciation of the geometrically distinct modes, and the coupling between them, is needed in order to utilise them in more complex domains [34] . The majority of experimental valleytronic papers, to name but a few [7, 9-12, 14, 15, 17, 18, 20, 21] , use a Z-shaped interface to demonstrate robustness of quasi-topological modes. There are two basic bend-types, sharp and gentle bends; these are defined by the angle through which energy is redirected, i.e. 2π/3 and π/3 respectively. We examine a gentle bend, in addition to the sharp bend (present within the Z-shaped interface) and draw attention to the modal conversion that occurs for the former, but not the latter. This crucial property, that underlies the construction of topological networks, is demonstrated arXiv:1910.08172v1 [physics.app-ph] 17 Oct 2019 experimentally for a structured elastic plate which has the advantage of being macro-scale and hence these details are experimentally accessible.
We also address the pressing question of how effective the emerging topological concepts from valleytronics are for vibration systems in practical terms; particularly at centimetric scales and kHz frequencies relevant to engineering structures. We perform careful experiments and cross-validate with recent theoretical valleytronic designs for elastic plates [31] ; these involve an infinite hexagonal structure, with each cell containing idealised point masses arranged to lie at the vertices of triangles. It is also interesting to observe the similarities and, more importantly, the crucial differences between the experiments and the idealised theoretical results.
The system we study, Fig. 1 , consists of a macroscale hexagonal lattice comprised of elementary hexagonal cells in a 1.6 mm-thick aluminium rectangular plate (830 mm x 780 mm); each cell contains an alternation of free and clamped holes arranged to lie at the vertices of a smaller hexagon. The free holes (diameter 3mm) are relatively weak scatterers (working wavelength 33mm), and allow for a reconfigurable experimental set-up, as they are left either free or we introduce clamping to the holes. The main source of scattering is by using clamps to enforce zero displacement of the hole. The primary advantage of clamped holes, over other scatterers, e.g. resonators [10, 35, 36] , holes [37] , thin ligaments [38, 39] is both their ability to trap energy in zero-frequency [40] and also to induce strong scatter at higher frequencies [28] and this enables the observation of modal patterns and conversions discussed in this Letter. Experimentally, clamped holes are implemented by screws, passing through the holes, that attach to a permanent magnet and thence effectively clamp these screws to the honeycomb breadboard (with optimized low-frequency damping) due to magnetic attraction, see Fig. 1 (a) insets; the magnet diameter and height is 12 mm.
Turning to the array itself, Fig. 1(b) , when the orientation angle of the hexagonal inclusion set is zero (θ = 0), the point group at K (and K ) has C 3v symmetry and, provided we maintain the vertical mirror symmetry (σ v ), Dirac points are guaranteed to exist at the K, K points in the Brillouin zone (see Fig. 2(a) ). Breaking the mirror symmetry, as we do by rotating with θ = 15 • , removes the σ v symmetry while retaining the C 3 symmetry and gaps the Dirac point to open a band gap, see Fig. 2 (b), ranging from 12.8 kHz to 15.8 kHz. Numerically we consider the arrangement in Fig. 2(d) and place the perturbed medium (blue) next to its π/3 rotated twin (orange) and this yields a band gap, common to both media, within which valley-Hall edge states, Fig. 2(c) , are guaranteed to reside; simulations are full 3D elasticity in COMSOL Multiphysics. We have created an interface between two media having opposite valley-Chern numbers, at K or K , and these valley Hall edge states are aptly named zero-line modes (ZLMs) [31] . Notably, both, the perturbed cell and its π/3 rotated twin can be constructed within the same plate without creating further holes. Hence, we are able to navigate energy in vastly different directions by clamping different holes within the same reconfigurable plate. Numerically we consider a finite ribbon (white rectangle in Fig. 2(d) ), consider Bloch conditions in the y direction, and apply periodic conditions at the left/right end of the ribbon; this modeling choice captures all the admissible edge states in a single model. The lack of reflectional symmetry in the perturbed structures, resulting in asymmetric edges, yields two distinct interfaces between two topologically distinct media (red rectangles in Fig. 2(d) ). We therefore obtain two overlapping broadband ZLMs along these interfaces (red and blue curves in Fig. 2(c) ). Both the modes for blue over orange (ZLM 1) and vice versa (ZLM 2) exist over a simultaneous frequency range (14.50kHz to 14.85kHz) and are distinguished in Fig. 2(e not the only way to generate edge states with hexagonal structures and a classification is available [31] giving two additional constructions for C 3v interfaces not considered here.
The consequences of overlapping edge modes (exemplified at frequency 14.8 kHz, marked by green line in Fig.2(c) ), for four different configurations (blue over orange and orange over blue ZLMs in addition to the gentle and sharp bends), are shown by experimental observations with a finite lattice of 840 circular holes forming the structured plate in Fig. 3 . The configurations between two topologically distinct media we choose are in Fig. 4 : straight waveguides for ZLMs, gentle bend (as in Fig. 3 where the green arrows indicate the anticipated direction of energy transport), and sharp bend, and each is enabled by simply changing the positions of clamped holes using the magnets. The plate is excited using a broadband piezoelectric transducer (Murata 7BB-20-6) bonded to the back the pinned plate, which functions as a quasi-point source and is positioned at the red circle in Fig. 3 , that generates a Gaussian-modulated chirp pulse excitation, from 10 kHz to 20 kHz, synthesized by an arbitrary waveform generator (Agilent 33120A). The outof-plane displacement is measured point-by-point with a broadband heterodyne interferometric laser probe (Polytec sensor head OFV534, controller OFV2500). The probe is scanned on a square grid with 4 mm (around oneeighth of the working wavelength) step resolution and the spatio-temporal distribution of the vibration field at the surface of the plate is reconstructed. We employ Fast Fourier Transformations on the measured temporal signal and construct a 2D field distribution for a specific frequency. A Hampel filter function and a cubic interpolation are applied to the measured grid data for a better visualization of wavefields on the plate. To prevent unwanted reflections, the plate edges are covered by a 2 mm-thick layer of blu-tack on both sides over 2 cm, which acts as a good absorber in the kHz range [28] .
The experimental results are in the second row of Fig. 4 where the red dashed lines show a width of two cells across the interface. Due to the scale of our experiment, we do not simply show the propagation path of the topological modes, but we also distinguish the detailed features of mode patterns due to the strong trapping of energy by the clamped holes. Initially, we demonstrate two straight waveguides, Fig. 4(a) and (b) ; the ZLM is excited at f = 15.1 kHz and 15.4 kHz, respectively from the leftmost interface. Depending on the relative orientation The field patterns (highlighted with green circles), and intensities, are distinct for the two arms in (c), but identical for panel (d) , which demonstrate the topological mode coupling between two overlapping ZLMs for the former and single ZLM mode transport for the latter. Importantly, for an excitation frequency with no spectral overlap, between the red and blue curves in Fig. 2(c) , then there is no coupling between the arms for gentle bend. Third row: Numerical simulations at frequency equal to 14.80 kHz.
of the interface (orange over blue or vice-versa), distinct modal patterns (marked by green circles) are revealed similar to the simulations in Fig. 2(e) . Then we analyze the gentle bend ( Fig. 4(c) ), and again launch a ZLM from the leftmost interface towards the bend. Fig. 5(a) shows a closeup of the four-by-four cells at the bend; from this figure it is difficult to ascertain the expected modal pattern along either of the interfaces along the gentle bend. However, the distinct modal patterns, pre-and post-bend are clearly evident in the experiments, Fig. 4(c) ; this indicates that there is strong coupling between one ZLM into the other (see Fig. 2(c) ).
Turning our attention to the sharp bend, and following the same thought process as above, one would naively expect the same behavior to that of the gentle bend. However, this is not the case as now the zigzag edges pre-and post-bend are identical; this is more easily seen from the scattering ( Fig. 4(d) ) rather than the cellular arrangement ( Fig. 5(b) ) and we see that we now have identical modal patterns pre-and post-bend. The Z-shaped interface, comprising of two consecutive sharp bends, is often shown ( [7, 9-12, 14, 15, 17, 18, 20, 21] ) however the constituent modal patterns are often obscured. Here we show experimentally and with greater clarity the coupling between identical modes for this particular case.
In practical terms, there is relatively low intensity in the second arm of Figs. 4(c) that is due to losses in our system. The losses are attributed to the out-ofplane coupling, between the plate and the air as well as the substrate (damping breadboard). This is not due to backscattering as the robustness of the modes at the sharp bend is still topologically protected as seen in the corresponding simulations of the third row of Fig. 4 .
From the perspective of the simulations, the mode patterns are very clear and also present in the experiments although degraded due to losses that are not taken into consideration in the simulations.
The importance of the different modes is that coupling around a bend is not guaranteed, in particular within an experimental context and for the gentle bend, as this requires overlap of the ZLMs. The wavefields in the second arm of Fig. 4(c) are different from the first arm, which reveals there is mode coupling from ZLM 1 and ZLM 2, so long as both modes exist at the same excitation frequency; whereas the wavefields in both the first and second arms of sharp bending are identical ( Fig. 4(d) ). If the ZLMs do not overlap at the operating frequency then there will be no topological mode coupling across the bend. According to the dispersion curves of Fig.  2 (c), we observe mode coupling in simulations during the frequency range from 14.50 kHz to 14.85 kHz, whereas we present here the measurements at frequencies which demonstrate the detailed mode patterns clearly (as highlighted by the green circles in Fig. 4 ). The small difference between experimental frequencies and numerical prediction is attributed to the absence of residual reflections in the simulations where perfectly absorbing boundaries allow full establishment of the modes.
Experimental observations of topological valley transport around sharp and gentle bends and the topological mode coupling around the gentle bend, for flexural waves highlight differences between sharp and gentle bends and the importance of the relative orientations of inclusion sets on either side of the interface. The direct visualization of the mode patterns through spatial scanning of the wavefield, linked with the underlying principles at the junction cells, sheds light on the transport of energy around bends in partitioned media. We anticipate this insight will motivate the design of more efficient interfacial waveguides, topological networks [34] , and energy filters.
